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We present a new mechanism for producing the correct relic abundance of dark photon dark matter
over a wide range of its mass, extending down to 10−20 eV. The dark matter abundance is initially
stored in an axion which is misaligned from its minimum. When the axion starts oscillating, it
efficiently transfers its energy into dark photons via a tachyonic instability. If the dark photon mass
is within a few orders of magnitude of the axion mass, mγ′/ma = O(10−3 − 1), then dark photons
make up the dominant form of dark matter today. We present a numerical lattice simulation for a
benchmark model that explicitly realizes our mechanism. This mechanism firms up the motivation
for a number of experiments searching for dark photon dark matter.
I. INTRODUCTION
An intriguing possibility is that dark matter (DM) is
made up of very light spin-1 bosons. This would belie our
usual intuition that light spin-1 bosons mediate forces
but do not make up matter in our universe. Very light
bosonic DM (m . 1 eV) has interesting properties. It has
high occupation numbers within galaxies (the de Broglie
wavelength of the particles is larger than the interparticle
spacing) [1], so it can be modeled as a classical field. In
the extremely low mass range, spin-1 bosonic DM could
give a realization of the Fuzzy Dark Matter paradigm
[2, 3], with many associated effects on galactic structure.
If DM in our universe is a very light boson, a rich variety
of dark condensed matter physics could await discovery.
A long-standing problem for dark photon DM models is
to obtain the correct relic abundance of DM. It is possible
to get a relic abundance from inflationary fluctuations [4].
This is estimated to be
Ωγ′ = ΩDM
√
mγ′
6× 10−6 eV
(
HI
1014 GeV
)2
, (1)
where Ω is the energy density relative to the critical
density today, and HI , the inflationary Hubble scale, is
bounded to be . 1014 GeV from the lack of observa-
tion of primordial tensor modes. Hence, dark photons
from inflationary fluctuations can only constitute all of
the DM for mγ′ & µeV. A misalignment mechanism like
the axion [5] may work in a wider mass range, but it
requires additional large, highly tuned couplings to the
curvature R [6]. However, by themselves, these couplings
lead to perturbative unitarity violation at low energies in
longitudinal photon–graviton scattering.
In this letter we present a new mechanism to populate
dark photon dark matter over a wide range of masses,
extending down to 10−20 eV. The DM abundance is ini-
tially stored in a misaligned axion, which is coupled to
the dark photon. As the axion starts oscillating, it can ef-
ficiently transfer its energy to the dark photons through a
tachyonic instability. The instability persists for massive
dark photons with masses comparable to the axion. The
dark photons are produced with a typical energy close to
the mass of the axion and redshift quickly to behave as
cold DM.
This instability has previously been used in many con-
texts: generation of primordial magnetic fields [7–10];
dissipation allowing for inflation in steep potentials [11–
13]; baryo- or leptogenesis [14]; production of chiral grav-
itational waves during inflation [15–21]; preheating [22];
decreasing the abundance of QCD axion DM [23, 24] and
providing alternative dissipation mechanisms [25–28] in
relaxion cosmology [29].
We briefly describe the mechanism for dark photon
production below. To accurately capture the production
and backscattering effects of the dark photon, a lattice
numerical simulation is performed. We describe the re-
sults of the numerical simulation. Finally, we present
two example benchmarks which are being actively pur-
sued in current and planned experiments. These form
ideal targets for our mechanism, since their abundance is
extremely hard to generate by inflationary perturbations.
In supplementary material, we discuss model building
restrictions and avenues for generating the requisite cou-
pling of dark photons with the axion. We also discuss
models which generate observable couplings of the dark
photon to the standard model (SM). These models are
intended to be proofs of principle, and our mechanism
applies to a wide class of models. We also provide addi-
tional details about the numerical simulation, and briefly
discuss another production mechanism where dark pho-
tons are produced by the axion decay.
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2II. MECHANISM FOR DARK PHOTON
PRODUCTION
We consider the following action of a system with the
axion φ and dark photon Aµ,
S =
∫
d4x
√−g
(
1
2
∂µφ∂
µφ− V (φ)− 1
4
FµνF
µν
+
1
2
m2γ′AµA
µ − β
4fa
φFµν F˜
µν
)
, (2)
with Fµν = ∂µAν − ∂νAµ and F˜µν = µνρσFρσ/2√−g
the field strength tensor and its dual, mγ′ the dark pho-
ton mass, and fa the axion decay constant. The ax-
ion potential is given by V (φ) = m2af
2
a (1− cos (φ/fa)) .
We assume for our simulations that the mass of the ax-
ion is constant, but our mechanism can be plausibly ex-
tended to a temperature-dependent axion mass, as in the
case of the QCD axion. We denote the gauge coupling
and the fine-structure constant as gD and αD ≡ g2D/4pi,
respectively. Here we adopt the convention 0123 = 1,
gµν = (+,−,−,−), and g ≡ det[gµν ]. The dynamical de-
grees of freedom are φ and A = {Ai}, and their equations
of motion in a flat, isotropic, and homogenous universe
are given by
φ¨+ 3Hφ˙− ∇
2φ
a2
+
∂V
∂φ
+
β
4fa
Fµν F˜
µν = 0, (3)
A¨+HA˙− ∇
2A
a2
+m2γ′A−
β
faa
(
φ˙∇×A
−∇φ×
(
A˙−∇A0
))
= 0, (4)
where the overdot is the derivative with respect to time
t, a(t) the scale factor, H the Hubble parameter, and
∇2 = ∂2i . The evolution of A0 is determined by the
Lorenz gauge condition, ∂µ(
√−gAµ) = 0, which directly
follows from the equation of motion.
Suppose that the spatially homogeneous axion starts
to oscillate with an initial amplitude φi when 3H ∼ ma
in the radiation-dominated era. Then the equation of
motion of A is reduced to
A¨k,± +HA˙k,± +
(
m2γ′ +
k2
a2
∓ k
a
βφ˙
fa
)
Ak,± = 0 (5)
in Fourier space, where k = |k| denotes the comoving
wave number, and the subscript ± indicates the helicity
of the transverse mode. One can see that one of the helic-
ity components with k/a ∼ β|φ˙|/2fa becomes tachyonic
if mγ′ < β|φ˙|/2fa, and such dark photons are efficiently
produced by the tachyonic instability soon after the axion
starts to oscillate. Note that only the transverse mode
of the dark photon is coupled to the spatially homoge-
neous axion. After the energy density of dark photons
becomes comparable to the axion, the system enters a
non-linear regime. The energy stored in the axion zero
mode transfers to both transverse and longitudinal com-
ponents of dark photons as well as the axion non-zero
mode. As we shall see shortly, however, the dark photon
production effectively stops soon after the system enters
the non-linear regime. The dark photon (physical) mo-
mentum has a characteristic peak at ∼ 10−2βma at that
moment, where the numerical prefactor also depends on
β but we confirmed its validity for β between 35 and 50.
The dark photon abundance is related to the initial axion
abundances as
ργ′
s
' mγ′
10−2βma
ρa
s
∣∣∣
3H=ma
, (6)
where s is the entropy density, and ργ′ and ρa the energy
densities of dark photon and axion, respectively. Here we
have approximated that most of the initial axion energy
transfers to dark photons that are relativistic at the pro-
duction. In terms of the density parameter, it is given
by
Ωγ′h
2 ' 0.2 θ2
(
40
β
)( mγ′
10−9eV
)(10−8eV
ma
) 1
2
(
fa
1014GeV
)2
,
(7)
where we set the relativistic degrees of freedom g∗(T ) =
60. As we shall see in the next section, the production
efficiency depends on the dark photon mass, and some
amount of the axions always contribute to DM.
Note that the axion acquires its quantum fluctua-
tions during inflation, which induce isocurvature per-
turbation of dark photons after the tachyonic produc-
tion. The amplitude of the isocurvature perturbation is
given by P1/2S = HI/(pifaθ). Using faθ in Eq. (7) with
Ωγ′ = ΩDM, the current constraint on the isocurvature
perturbation [30] limits the inflation scale as
HI < 2× 109 GeV
(
β
40
) 1
2 ( mγ′
10−9 eV
)− 12 ( ma
10−8 eV
) 1
4
.
(8)
Thus, relatively low-scale inflation models are required.
In this sense, our scenario is complementary to the pro-
duction mechanism using inflationary fluctuations [4]
which typically requires higher HI .
Let us here briefly comment on an additional condi-
tion for the above production mechanism to work. Af-
ter the tachyonic production ends, the dark photon field
amplitude is as large as fa. More generally, light dark
photon DM, when extrapolated to the early universe,
would have had large field values. Consequently, even
tiny shift-symmetry violating couplings can have a dra-
matic effect on the dynamics. If the mass of the dark
photon arises from a Higgs mechanism, the dark pho-
ton field also backreacts on the Higgs potential. Even
without the Higgs mechanism, a quartic self-coupling is
allowed for a Stu¨ckelberg dark photon. A generic expec-
tation for the dark photon quartic in either case is ∼ g4D.
So far we have ignored any such couplings of the dark
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FIG. 1: Left: The evolution of the number densities of axion (blue) and dark photon (red) normalized by that of the axion
without tachyonic production. We show two benchmarks, mγ′ = 0.1ma (solid line) and 0.4ma (dashed line). Right: The power
spectra of the number density of axion (blue) and dark photon (red) with mγ′ = 0.1ma. We show two snapshots at maτ = 10
(solid) and 50 (dashed). Other parameters were taken to be β = 40, fa = 10
14 GeV, ma = 10
−8 eV for both plots.
10-3
10-2
10-1
100
 0  0.1  0.2  0.3  0.4  0.5  0.6
Ω
a
,γ
’h
2
mγ’/ma
FIG. 2: The relic density parameter of axion (blue square)
and dark photon (red circle) as a function of mγ′/ma. The
horizontal solid and dotted lines represent the observed DM
density parameter and the axion density parameter with-
out tachyonic production. The values of {β, fa ma} are as
in fig. 1.
photon. Any UV completion of our scenario must ex-
plain why these couplings are small. We further discuss
this issue in the supplementary material.
III. NUMERICAL RESULTS
We have solved directly the equations of motion (3)
and (4) by performing lattice numerical simulations
on a cubic lattice with periodic boundary conditions
with 1283 points and initial comoving lattice spacing =
(pi/512)m−1a . As reference values we have taken β = 40,
ma = 10
−8eV, and fa = 1014 GeV, and adopt the initial
condition φi = fa at the conformal time τi = 0.1m
−1
a .
The scale factor is normalized as a(τ) = τ/τi, and the
Hubble parameter is given by H = τi/τ
2 in the radiation
dominated era. We adopt initial fluctuations of the dark
photon given by quantum vacuum fluctuations following
the Rayleigh distribution in Fourier space with the root-
mean-square amplitude√
〈|Ak|2〉 = 1√
2ωk
with ωk =
√
(k/a)2 +m2γ′ . (9)
The initial value at each spatial point is obtained by the
inverse-Fourier transformation.
We show in fig. 1 (left) the time evolution of the axion
(blue) and dark photon (red) number densities normal-
ized by that of the axion in the case of no dark photon
production. One can see that the axion number density
abruptly drops when the dark photon becomes compara-
ble to the axion in number at maτ ' 6− 8, and that the
final dark photon number density is more than 102 times
larger than that of the axion. Most of the initial axion
energy is efficiently transferred to dark photons.
In fig. 1 (right) we show the power spectra of the co-
moving number densities of the axion (blue) and the dark
photon (red) at the conformal time maτ = 10 (solid) and
50 (dashed). The dark photon spectrum has a promi-
nent peak corresponding to the fastest growing mode of
the tachyonic instability, and the peak continues to per-
sist after the tachyonic growth is saturated at maτ = 6.
The physical momentum of the peak at this time is
kphys ∼ 0.5ma. The backreaction is not efficient for dark
photons near the peak, and their production effectively
stops soon after maτ = 6. On the other hand, dark
photons with higher momentum modes with kphys > ma
(k/ma > 100 at maτ = 10) continue to interact and
axions with lower momentum are converted to dark pho-
tons and axions with higher momenta. This, however,
does not affect the final dark photon abundance.
In fig. 2 we show the relic density parameters of axion
(blue square) and dark photon (red circle) as a function
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FIG. 3: Current constraints (gray) and future prospects for massive spin-1 particle. Left: coupling to the SM through kinetic
mixing. Right: a weakly coupled B − L gauge boson.
of mγ′ . One can see that the dark photon abundance
linearly increases up to mγ′ = 0.45ma and sharply drops
for heavier mγ′ . This is because the tachyonic growth
no longer takes place for the mass heavier than the peak
momentum, mγ′ & 10−2βma ∼ 0.5ma.
We have also performed lattice simulations with differ-
ent sets of the parameters and found similar behavior if
the tachyonic production is efficient enough for the sys-
tem to enter the nonlinear regime. If we take a closer
look, however, the peak of the dark photon spectrum be-
comes less prominent as β increases. On the other hand,
for β . 30, the tachyonic production is so inefficient that
the dark photon number remains smaller than axions.
IV. PHENOMENOLOGY
The mechanism presented in this letter does not rely on
any couplings to the SM. Thus, the only constraints that
apply to the mechanism generally are superradiance [31–
35] and structure formation [3, 36]. The superradiance
constraints potentially apply to both the dark photon di-
rectly, as well as to the axion field. We focus here on the
direct constraints on dark photons. We have shown these
constraints in light blue in fig. 3. Note that superradi-
ance constraints require the self-interactions of the gauge
boson to be small, which we discuss further in the sup-
plementary material. The Lyman-α constraint on fuzzy
DM [36] directly applies to dark photons. Considering
that dark photons are mildly relativistic at the produc-
tion, we adopt mγ′ & 10−20 eV as the lower bound.
More generally, the dark photon could have additional
couplings to the SM, giving rise to a rich phenomenology
at current and future experiments [6, 37–39]. We focus on
two specific examples: that of a dark photon kinetically
mixed with the hypercharge gauge boson, and a B − L
gauge boson with a very small gauge coupling.
There are a number of ongoing and future experiments
that look for kinetically mixed dark photons over a large
range of their masses (see [40] for a review). Current con-
straints come from Lyman-α measurements [36], black
hole superradiance [33–35], galactic heating [41], late res-
onant conversions of photons to dark photons, CMB dis-
tortions, Neff [6], direct detection [42–44], stellar cool-
ing [45–47], and decays of dark photons to X-rays. There
are additional constraints in a narrower mass range from
ADMX [48] and from a dish antenna experiment [49, 50].
Other astrophysical constraints such as those from astro-
nomical ephemerides [51] can also be translated to the
dark photon case.
New experiments seek to cover new parameter space
for the dark photon. These include DM Radio [52, 53],
resonant absorption in molecules [54], LAMPOST [55],
dish antenna experiments [49, 56], direct detection [57–
59], and a resonant microwave cavity search [60]. In fig. 3
we show constraints and prospects for a dark photon in
the m- plane. We see that there are regions of parame-
ter space mγ′ ∼ 10−9 eV,  ∼ 10−12 where the DM radio
would be sensitive, but cannot rely on inflationary per-
turbations to populate DM. Thus, this is a prime target
space for our mechanism.
If the dark photon couples to a different current than
the electromagnetic current (which we take to be B − L
for concreteness), then matter in the universe may not
be charge neutral under this new force. This leads to
additional interesting constraints from tests of equiva-
lence principle violation and fifth forces [61–67]. There
are also additional constraints from decays of the B − L
gauge boson into neutrinos; we conservatively constrain
the lifetime to be more than the age of the universe, but a
tighter bound can likely be derived [68]. These forces can
also be tested in future experiments such as atomic inter-
ferometers [69, 70], new torsion pendulum experiments,
or with LIGO and LISA [69, 71]. This gives another tar-
get for our mechanism, mγ′ ∼ 10−20–10−15 eV, with a
very small gauge coupling gB−L < 10−25.
We emphasize that these benchmark models are chosen
for concreteness, and our mechanism may be extended to
a wide class of dark photon models.
5V. CONCLUSION
The nature of DM remains a pressing mystery in fun-
damental physics. An important possibility is that DM
is made up of very light, spin-1 particles which form a
coherent, classical field. In this letter we provide a mech-
anism for the generation of the abundance of such DM
candidates. Our mechanism works over the entire range
of DM masses which are not otherwise constrained, in
contrast with existing mechanisms which only work for
a range of masses, or for a very fine-tuned choice of cou-
plings. Thus, our mechanism puts the motivation for
dark photon DM on a firmer footing.
Note added: As this paper was being completed we
became aware of overlapping work in preparation from
other groups [72–74].
Acknowledgments: We thank N. Craig for a useful
comment. FT thanks H. Yoshino for useful communica-
tions on superradiance. PA and MR thank Galileo Galilei
Institute for Theoretical Physics for their hospitality and
the INFN for partial support during the completion of
this work. PA would also like to thank the Kavli In-
stitute for Theoretical Physics for hospitality, supported
in part by the National Science Foundation under Grant
No. NSF PHY17-48958. FT thanks the hospitality of
MIT Center for Theoretical Physics and Tufts Institute
of Cosmology where this work was done. The work of
PA is supported by the NSF grants PHY-0855591 and
PHY-1216270. MR is supported in part by the NASA
ATP Grant NNX16AI12G and by the DOE Grant de-
sc0013607. TS is supported by JSPS KAKENHI Grant
Number JP15H02082, JP18H04339 and JP18K03640.
FT is supported by JSPS KAKENHI Grant Numbers
JP15H05889, JP15K21733, JP17H02878, JP17H02875,
Leading Young Researcher Overseas Visit Program at
Tohoku University, and WPI Initiative, MEXT, Japan.
NK acknowledges the support by Grant-in-Aid for JSPS
Fellows. This work was supported by a grant from the
Simons Foundation (341344, LA).
[1] M. R. Baldeschi, R. Ruffini, and G. B. Gelmini, Phys.
Lett. 122B, 221 (1983).
[2] W. Hu, R. Barkana, and A. Gruzinov, Phys. Rev. Lett.
85, 1158 (2000), astro-ph/0003365.
[3] L. Hui, J. P. Ostriker, S. Tremaine, and E. Witten, Phys.
Rev. D95, 043541 (2017), 1610.08297.
[4] P. W. Graham, J. Mardon, and S. Rajendran, Phys. Rev.
D93, 103520 (2016), 1504.02102.
[5] A. E. Nelson and J. Scholtz, Phys. Rev. D84, 103501
(2011), 1105.2812.
[6] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Re-
dondo, and A. Ringwald, JCAP 1206, 013 (2012),
1201.5902.
[7] M. S. Turner and L. M. Widrow, Phys. Rev. D37, 2743
(1988).
[8] W. D. Garretson, G. B. Field, and S. M. Carroll, Phys.
Rev. D46, 5346 (1992), hep-ph/9209238.
[9] P. Adshead, J. T. Giblin, T. R. Scully, and E. I.
Sfakianakis, JCAP 1610, 039 (2016), 1606.08474.
[10] K. Choi, H. Kim, and T. Sekiguchi, Phys. Rev. Lett. 121,
031102 (2018), 1802.07269.
[11] M. M. Anber and L. Sorbo, Phys. Rev. D81, 043534
(2010), 0908.4089.
[12] A. Notari and K. Tywoniuk, JCAP 1612, 038 (2016),
1608.06223.
[13] R. Z. Ferreira and A. Notari, JCAP 1709, 007 (2017),
1706.00373.
[14] S. H.-S. Alexander, M. E. Peskin, and M. M. Sheikh-
Jabbari, Phys. Rev. Lett. 96, 081301 (2006), hep-
th/0403069.
[15] A. Lue, L.-M. Wang, and M. Kamionkowski, Phys. Rev.
Lett. 83, 1506 (1999), astro-ph/9812088.
[16] S. Alexander and J. Martin, Phys. Rev. D71, 063526
(2005), hep-th/0410230.
[17] M. M. Anber and L. Sorbo, Phys. Rev. D85, 123537
(2012), 1203.5849.
[18] P. Adshead, E. Martinec, and M. Wyman, Phys. Rev.
D88, 021302 (2013), 1301.2598.
[19] A. Maleknejad, JHEP 07, 104 (2016), 1604.03327.
[20] I. Obata and J. Soda, Phys. Rev. D94, 044062 (2016),
1607.01847.
[21] E. Dimastrogiovanni, M. Fasiello, and T. Fujita, JCAP
1701, 019 (2017), 1608.04216.
[22] P. Adshead, J. T. Giblin, T. R. Scully, and E. I.
Sfakianakis, JCAP 1512, 034 (2015), 1502.06506.
[23] P. Agrawal, G. Marques-Tavares, and W. Xue, JHEP 03,
049 (2018), 1708.05008.
[24] N. Kitajima, T. Sekiguchi, and F. Takahashi, Phys. Lett.
B781, 684 (2018), 1711.06590.
[25] A. Hook and G. Marques-Tavares, JHEP 12, 101 (2016),
1607.01786.
[26] K. Choi, H. Kim, and T. Sekiguchi, Phys. Rev. D95,
075008 (2017), 1611.08569.
[27] W. Tangarife, K. Tobioka, L. Ubaldi, and T. Volansky
(2017), 1706.00438.
[28] W. Tangarife, K. Tobioka, L. Ubaldi, and T. Volansky,
JHEP 02, 084 (2018), 1706.03072.
[29] P. W. Graham, D. E. Kaplan, and S. Rajendran, Phys.
Rev. Lett. 115, 221801 (2015), 1504.07551.
[30] Y. Akrami et al. (Planck) (2018), 1807.06211.
[31] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, Phys. Rev. D81, 123530 (2010),
0905.4720.
[32] A. Arvanitaki and S. Dubovsky, Phys. Rev. D83, 044026
(2011), 1004.3558.
[33] M. Baryakhtar, R. Lasenby, and M. Teo, Phys. Rev.D96,
035019 (2017), 1704.05081.
[34] V. Cardoso, P. Pani, and T.-T. Yu, Phys. Rev. D95,
124056 (2017), 1704.06151.
[35] V. Cardoso, O´. J. C. Dias, G. S. Hartnett, M. Middle-
ton, P. Pani, and J. E. Santos, JCAP 1803, 043 (2018),
1801.01420.
[36] V. Irsˇicˇ, M. Viel, M. G. Haehnelt, J. S. Bolton, and G. D.
Becker, Phys. Rev. Lett. 119, 031302 (2017), 1703.04683.
6[37] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Rev.
D78, 115012 (2008), 0807.3279.
[38] J. Redondo and M. Postma, JCAP 0902, 005 (2009),
0811.0326.
[39] M. Pospelov, J. Pradler, J. T. Ruderman, and A. Urbano,
Phys. Rev. Lett. 121, 031103 (2018), 1803.07048.
[40] R. Essig et al., in Proceedings, 2013 Community Sum-
mer Study on the Future of U.S. Particle Physics:
Snowmass on the Mississippi (CSS2013): Minneapolis,
MN, USA, July 29-August 6, 2013 (2013), 1311.0029,
URL http://inspirehep.net/record/1263039/files/
arXiv:1311.0029.pdf.
[41] S. Dubovsky and G. Herna´ndez-Chifflet, JCAP 1512,
054 (2015), 1509.00039.
[42] H. An, M. Pospelov, and J. Pradler, Phys. Rev. Lett.
111, 041302 (2013), 1304.3461.
[43] H. An, M. Pospelov, J. Pradler, and A. Ritz, Phys. Lett.
B747, 331 (2015), 1412.8378.
[44] A. Aguilar-Arevalo et al. (DAMIC), Phys. Rev. Lett.
118, 141803 (2017), 1611.03066.
[45] H. An, M. Pospelov, and J. Pradler, Phys. Lett. B725,
190 (2013), 1302.3884.
[46] J. Redondo and G. Raffelt, JCAP 1308, 034 (2013),
1305.2920.
[47] E. Hardy and R. Lasenby, JHEP 02, 033 (2017),
1611.05852.
[48] A. Wagner et al. (ADMX), Phys. Rev. Lett. 105, 171801
(2010), 1007.3766.
[49] D. Horns, J. Jaeckel, A. Lindner, A. Lobanov, J. Re-
dondo, and A. Ringwald, JCAP 1304, 016 (2013),
1212.2970.
[50] S. Knirck, T. Yamazaki, Y. Okesaku, S. Asai, T. Idehara,
and T. Inada (2018), 1806.05120.
[51] H. Fukuda, S. Matsumoto, and T. T. Yanagida (2018),
1801.02807.
[52] S. Chaudhuri, P. W. Graham, K. Irwin, J. Mardon,
S. Rajendran, and Y. Zhao, Phys. Rev. D92, 075012
(2015), 1411.7382.
[53] M. Silva-Feaver et al., IEEE Trans. Appl. Supercond. 27,
1400204 (2016), 1610.09344.
[54] A. Arvanitaki, S. Dimopoulos, and K. Van Tilburg
(2017), 1709.05354.
[55] M. Baryakhtar, J. Huang, and R. Lasenby, Phys. Rev.
D98, 035006 (2018), 1803.11455.
[56] B. Do¨brich et al., in Photon 2015: International Con-
ference on the Structure and Interactions of the Pho-
ton and 21th International Workshop on Photon-Photon
Collisions and International Workshop on High Energy
Photon Linear Colliders Novosibirsk, Russia, June 15-
19, 2015 (2015), 1510.05869, URL http://inspirehep.
net/record/1399053/files/arXiv:1510.05869.pdf.
[57] Y. Hochberg, T. Lin, and K. M. Zurek, Phys. Rev. D94,
015019 (2016), 1604.06800.
[58] Y. Hochberg, T. Lin, and K. M. Zurek, Phys. Rev. D95,
023013 (2017), 1608.01994.
[59] I. M. Bloch, R. Essig, K. Tobioka, T. Volansky, and T.-T.
Yu, JHEP 06, 087 (2017), 1608.02123.
[60] S. R. Parker, J. G. Hartnett, R. G. Povey, and M. E.
Tobar, Phys. Rev. D88, 112004 (2013), 1410.5244.
[61] C. Talmadge, J. P. Berthias, R. W. Hellings, and E. M.
Standish, Phys. Rev. Lett. 61, 1159 (1988).
[62] G. L. Smith, C. D. Hoyle, J. H. Gundlach, E. G. Adel-
berger, B. R. Heckel, and H. E. Swanson, Phys. Rev.
D61, 022001 (2000).
[63] J. G. Williams, S. G. Turyshev, and D. H. Boggs, Phys.
Rev. Lett. 93, 261101 (2004), gr-qc/0411113.
[64] T. A. Wagner, S. Schlamminger, J. H. Gundlach, and
E. G. Adelberger, Class. Quant. Grav. 29, 184002 (2012),
1207.2442.
[65] J. Berge´, P. Brax, G. Me´tris, M. Pernot-Borra`s,
P. Touboul, and J.-P. Uzan, Phys. Rev. Lett. 120, 141101
(2018), 1712.00483.
[66] P. Fayet, Phys. Rev. D97, 055039 (2018), 1712.00856.
[67] P. Touboul et al., Phys. Rev. Lett. 119, 231101 (2017),
1712.01176.
[68] K. Enqvist, S. Nadathur, T. Sekiguchi, and T. Takahashi,
JCAP 1509, 067 (2015), 1505.05511.
[69] P. W. Graham, D. E. Kaplan, J. Mardon, S. Rajendran,
and W. A. Terrano, Phys. Rev. D93, 075029 (2016),
1512.06165.
[70] T. Kalaydzhyan and N. Yu (2018), 1801.07577.
[71] A. Pierce, K. Riles, and Y. Zhao, Phys. Rev. Lett. 121,
061102 (2018), 1801.10161.
[72] R. T. Co, A. Pierce, Z. Zhang, and Y. Zhao (2018), to
appear.
[73] J. A. Dror, K. Harigaya, and V. Narayan (2018), to ap-
pear.
[74] M. Bastero-Gil, J. Santiago, L. Ubaldi, and R. Vega-
Morales (2018), to appear.
[75] S. A. Abel, M. D. Goodsell, J. Jaeckel, V. V. Khoze, and
A. Ringwald, JHEP 07, 124 (2008), 0803.1449.
[76] M. Goodsell, J. Jaeckel, J. Redondo, and A. Ringwald,
JHEP 11, 027 (2009), 0909.0515.
[77] W.-Z. Feng, G. Shiu, P. Soler, and F. Ye, Phys. Rev.
Lett. 113, 061802 (2014), 1401.5880.
[78] W.-Z. Feng, G. Shiu, P. Soler, and F. Ye, JHEP 05, 065
(2014), 1401.5890.
[79] K. Harigaya and Y. Nomura, Phys. Rev. D94, 035013
(2016), 1603.03430.
[80] M. Reece (2018), 1808.09966.
[81] P. Agrawal, J. Fan, and M. Reece (2018), 1806.09621.
[82] J. E. Kim, H. P. Nilles, and M. Peloso, JCAP 0501, 005
(2005), hep-ph/0409138.
[83] K. Choi, H. Kim, and S. Yun, Phys. Rev. D90, 023545
(2014), 1404.6209.
[84] K. Choi and S. H. Im, JHEP 01, 149 (2016), 1511.00132.
[85] D. E. Kaplan and R. Rattazzi, Phys. Rev. D93, 085007
(2016), 1511.01827.
7Relic Abundance of Dark Photon Dark Matter
Supplementary Material
Prateek Agrawal, Naoya Kitajima, Matthew Reece, Toyokazu Sekiguchi, and Fuminobu Takahashi
I. MODELS
A number of model building avenues for obtaining dark photons have been pursued [75–79]. The key model-building
questions for our purposes are the origin of the dark photon mass, the absence of quartic couplings for the dark photon,
the origin and size of the dark photon coupling to the axion and a possible coupling of the dark photon to the SM.
In effective field theory, a very light dark photon could either arise from the Higgs mechanism (including its
generalized form, dynamical symmetry breaking) or from the Stu¨ckelberg mechanism. However, in string theory
one finds that very light Stu¨ckelberg masses are always correlated with a low string scale, and imposing a lower
bound of ∼ TeV on the string scale implies that dark photon masses below the meV scale must arise from the Higgs
mechanism [76, 80].
A. Quartic couplings: expected size and bound on gauge coupling
The theory of a massive spin-1 boson lacks gauge invariance, and so in general allows a variety of new interaction
terms, such as
L ⊃ λγ′(AµAµ)2 . (S1)
Such terms are dangerous for our mechanism, because they make it energetically costly to populate a large occupation
number for the dark photon, eventually backreacting and shutting off the mechanism. Thus the success of our
mechanism depends on having a small quartic coupling. In fact, it requires not only a small λγ′ , but also small
gauge-invariant interactions.
The non-gauge-invariant λγ′ interaction must vanish in the limit mγ′ → 0, so we expect that λ is suppressed by
powers of mγ′ . A generic expectation is that in the gD → 0 limit, the longitudinal mode of the photon becomes a
compact scalar θ with a Lagrangian of the form
f2θ (∂µθ)
2 + c(∂µθ)
4 + . . . , (S2)
with c ∼ 1 and mγ′ = gDfθ. We couple this theory to the gauge field with the replacement ∂µθ → ∂µθ+ gDAµ, which
makes it apparent that we expect the coefficient to be of order
λγ′;generic ∼ g4D ∼
(
mγ′
fθ
)4
. (S3)
This shows that, as expected, λ → 0 when mγ′ → 0, but at fixed fθ. On the other hand, if gD is not very small the
quartic is not necessarily very suppressed. In the concrete case of the abelian Higgs model with a Higgs of charge qh,
VEV vh, and quartic coupling λh, the quartic is induced by Higgs exchange:
λγ′;Higgs =
(g2Dq
2
hvh)
2
2m2h
=
g4Dq
4
h
4λh
. (S4)
As in the generic case, the quartic scales with four powers of the small coupling gD.
The second type of self-interaction that is generically present is a gauge-invariant Euler-Heisenberg type interaction,
(F 2)2 or (FF˜ )2. We can examine the size of such a term generated by integrating out fermions of mass mC and
charge qC , and then interpret this as an effective simple quartic λeff by taking the derivatives to be of order mγ′ :
1
4!
g4Dq
4
C
16pi2m4C
(
4
15
(FµνF
µν)2 +
7
15
(Fµν F˜
µν)2
)
⇒ λeff ∼ g
4
Dq
4
C
16pi2
(
mγ′
mC
)4
. (S5)
As with the simple quartic case, λeff is suppressed by g
4
D; however, it is additionally suppressed by small couplings
and by the unknown masses of heavy charged particles. Hence, it is reasonable to expect that for a typical dark
photon model, simple A4µ-type quartic couplings dominate over the Euler-Heisenberg coupling.
8If we wish for the quartic coupling λγ′ to play no role in the dynamical mechanism we discuss, it must obey a
stringent inequality. First, we would like the energy density stored in the quartic term to be unimportant compared
to that in the mass or kinetic terms, which gives us
λγ′ .
m2γ′
〈A2µ〉
.
m4γ′
m2af
2
a
. (S6)
Second, if we assume that the dark photon mass arises from the Higgs mechanism, we would like the photon field to
not significantly backreact on the Higgs mass, i.e.
g2Dq
2
h〈A2µ〉  λhv2h, (S7)
which using (S4) leads to the same inequality (S6). Because the size of the Higgs quartic λh is constrained by unitarity,
the only way that (S6) can be obeyed in a theory in which the dark photon mass arises from a Higgs mechanism is
to have an exceptionally small gauge coupling: the small photon mass arises from a relatively large VEV for the dark
Higgs multiplied by a correspondingly small coupling:
vh & 1 GeV
(
1
λh
)1/4(
ma
µeV
)1/2(
fa
1014 GeV
)1/2
(S8)
gD . 10−15
(
λh
q4h
)1/4(
mγ′
µeV
)(
µeV
ma
)1/2(
1014 GeV
fa
)1/2
. (S9)
These are awkward numbers to explain in a fundamental theory, but the coupling is not so small as to be excluded
by Weak Gravity Conjecture arguments, for instance.
B. Coupling of axions to dark photons
A further challenge arises when we attempt to explain the size of the axion-dark photon coupling that we rely on
for particle production,
L = β φ
fa
FDF˜D (S10)
with β ∼ O(10–100) where fa is the field range of φ. For a theory of a compact U(1) gauge field and a single compact
axion, the coefficient β is actually quantized. A useful parametrization is
β = kj
αD
8pi
, (S11)
highlighting the coupling’s dependence on the gauge coupling and two potential sources of enhancement. Here k
denotes the anomaly integer that may be large due to the presence of a fermion with a large charge or due to a large
number of flavors. Perturbativity of the gauge theory requires that kαD . 1, so k by itself cannot yield β > 1. As is
familiar from other contexts where this coupling arises [81], to get β ∼ 100, we need to invoke a form of alignment
[82] or its iterated version, clockwork [83–85]. Here j denotes an enhancement of the field range over the fundamental
period of the axion using alignment/monodromy.
The requirement of not generating a large quartic coupling from the Higgs mechanism compounds this problem:
because αD . 10−30, the enhancement factors j and k must be enormous. Furthermore, if we generate the coupling by
integrating out charged fermions that also carry PQ charge, then they can run in loops and generate Euler-Heisenberg-
type quartic couplings, which may be so large as to again pose a dynamical problem for our mechanism. Let us try
to estimate whether viable parameter space exists. If we have a set of PQ-charged fermions with dark charge qΨ
obtaining a mass from PQ breaking, we expect to generate the axion-dark photon coupling with
k ∼
∑
q2Ψ. (S12)
We can then enhance this by a factor of j in a fundamental theory of multiple axions. An example model is,
L = 1
2
(∂a)2 +
1
2
(∂b)2 +
kαD
8piF
aFDF˜D + µ
4 cos
(
b
F
)
+ Λ4 cos
(
a+ jb
F
)
. (S13)
9where Λ µ. Identifying the field range of the light field f = F
√
j2 + 1,
Leff = 1
2
(∂φ)2 +
kjαD
8pif
φFDF˜D + µ
4 cos
(
φ
f
)
. (S14)
In this way, we can arrange for the masses of the PQ-charged fermions to lie at the scale F ∼ f/j. Then the
corresponding Euler-Heisenberg term will scale as
α2D
(4!)F 4
∑
q4Ψ(F
2
µν)
2 ∼ α
2
Dk
2j4
(4!)f4a
(F 2µν)
2 ∼ (8piβj)
2
(4!)f4a
(F 2µν)
2. (S15)
Perturbativity of the gauge theory requires that j & β. We can estimate an effective quartic interaction λγ′ by taking
F ∼ pA where p . βma is the characteristic momentum involved in our dark photon production mechanism. In that
case, applying the constraint (S6) gives
(8piβj)2
4!
(
βma
fa
)4
.
m4γ′
m2af
2
a
. (S16)
Let us consider two different limits to assess the importance of this bound. In the first case, we will take the minimum
amount of clockwork: when αDk ∼ 1 to saturate the perturbative unitarity constraint on the gauge theory, we must
take j ∼ β, and the inequality becomes:
β . 107
(
fa
1014 GeV
)1/4(
mγ′
µeV
)1/2(
µeV
ma
)3/4
. (S17)
We have tested our mechanism at much smaller values of β, so this is not a significant constraint. However, note that
this is the case where we have made minimal use of the clockwork mechanism, taking j ∼ β, in which case we require
enormous k.
Now consider the opposite limit, taking k as small and j as large as possible. As argued in [81], the clockwork
mechanism leads to the constraint that the scale of the axion potential is bounded by the fundamental decay constant
fa/j,
j .
√
fa
ma
. (S18)
Otherwise, axion scattering will violate perturbative unitarity. Suppose that we saturate this bound. Then we find
that the Euler-Heisenberg interaction (S15) is safe from the quartic constraint (S6) provided
β . 4× 104
(
fa
1014 GeV
)1/6(
mγ′
µeV
)2/3(
µeV
ma
)5/6
. (S19)
Thus we can exploit the clockwork mechanism to the maximum extent compatible with unitarity while still remaining
safe from the quartic constraint. However, if gD ∼ 10−15 and j ∼
√
fa/ma ∼ 1015, we still require an unexplained
large number k ∼ 1015. This is, as far as we know, logically consistent, but it suggests the need for a better model.
C. Coupling to the SM
The phenomenology of the dark photon depends sensitively on its couplings to the SM. We consider two benchmark
models for dark photon couplings—a kinetic mixing with the hypercharge boson, and coupling to the B − L current.
Kinetic mixing is a well-studied mechanism for the dark photon to talk with the SM. In the simplest models, we
expect the size of the kinetic mixing parameter to be,
 ' egD
16pi2
. 10−18
(
λh
q4h
)1/4(
mγ′
µeV
)(
µeV
ma
)1/2(
1014 GeV
fa
)1/2
. (S20)
This level of kinetic mixing is a little too small to be experimentally accessible (fig. 3) except perhaps towards higher
dark photon masses. However, as we note above that the model includes fermions with large charges in order to
10
obtain the requisite coupling of the axion with dark photons. The same fermions can induce a much larger kinetic
mixing. For example, if there is a fermion with charge (1,
√
k) under (U(1)Y , U(1)D), then we obtain the estimate,
 '
√
kegD
16pi2
∼ 10−10 (S21)
where in the last simequality we have used the estimate for k and gD obtained above for µeV dark photons. Therefore,
within the class of models with large charges it is possible to get kinetic mixing parameters in all of the experimentally
interesting region.
Another well-motivated possibility is that the DM is made up of B − L gauge bosons. Due to very stringent
constraints on new long range forces for SM fields, its gauge coupling is constrained to be extremely small. This
meshes well with our bound derived from the quartic coupling; the constraints on the gauge coupling are typically
stronger than those derived from the restrictions on the quartic coupling. As noted above, the coupling to the axion
still requires a very large charged field in the theory.
D. Generating large charges through Abelian Clockwork
From above we see that we require very large relative integer charges for our mechanism. An attractive set-up to
generate such a large charge is the clockwork mechanism, as applied to U(1) gauge symmetries. We imagine a string
of U(1) gauge symmetries, which are all broken down to a diagonal U(1) by VEVs of N − 1 charged scalars, with
φ(i,i+1) charged as (1, q) under (U(1)i, U(1)i+1).
L = |(∂µ − iAµN )h|2 − V (h) + JµAµ1 +
∑
i
− 1
4g2i
FiFi + |Dµφ(i,i+1)|2 − V (φ(i,i+1)) . (S22)
Here h is the Higgs that provides a small mass to the dark photon that would be otherwise massless, and Jµ is a
current that we want to couple to the dark photon with an enhanced strength. The effective Lagrangian is,
Leff = − 1
4g2D
FDFD + |(∂µ − iAµD)h|2 − V (h) + qNJµAµD . (S23)
The dark photon gauge coupling is given as,
1
g2D
=
∑ 1
g2i
q2i =
1
g2
q2(q2N − 1)
q2 − 1 (S24)
where for simplicity we have chosen equal gauge couplings for all U(1)s, gi ≡ g.
If the current Jµ is anomalous under the PQ symmetry of an axion, then it generates a large coupling of the axion
with the dark photon,
kαD ' g
2
D
4pi
q2N ' g
2
4pi
. (S25)
To generate a large kinetic mixing, we can add fermions which are charged under A1 as well as under the SM
hypercharge with O(1) charges. These will have a charge (1, qN ) under (U(1)Y , U(1)D), as required for enhanced
kinetic mixing. Alternatively, if the SM (B − L) current couples to AN , then the SM fields are coupled to the dark
photon with unit charge and extremely small gauge coupling.
Of course, we still need to invoke a mild form of additional alignment for the axion in order to achieve kjαD ∼ β '
100.
II. SELF-INTERACTIONS WEAKEN SUPERRADIANCE BOUNDS
The bounds on dark photons from superradiance may be absent if there is significant self-interaction of the dark
photon cloud [31–33]. We expect that self-interactions become large when the size of the quartic interaction energy
becomes of order the gravitational binding energy. For the axion, this is roughly when a ∼ fa. If this happens before
the axion cloud has a chance to extract most of the black hole angular momentum, then the superradiant instability
is quenched and the bounds are evaded.
11
As in the axion case, to ascertain whether self-interactions affect the superradiance bounds we first estimate the
field value at which the quartic term becomes comparably important to the gravitational binding energy term:
Aµ ∼ αGmγ
′√
λ
, (S26)
where we expect
αG ≡ GMBHmγ′ ∼ 1 (S27)
in order for superradiance to be efficient. Then, if the black hole mass is much larger than the energy in this largest
allowed cloud, then that means that the self-interactions will take over and quench the superradiant instability before
it extracts an appreciable amount of black hole spin. Thus, superradiance bounds only apply if,
λγ′ .
(
mγ′
MPl
)2
, (S28)
dropping factors of αG and ignoring O(1) factors of the black hole spin. This limit is mildly more stringent than
the limit derived for our mechanism in (S6). There is an additional model-independent contribution to the quartic
induced by the PQ quarks responsible for coupling the axion to the dark photons, but this is usually a subdominant
constraint as discussed in more detail above.
Note that the condition for a superradiant instability to extract an order-one fraction of the black hole’s energy
(assuming αG ∼ 1) is parametrically that Aµ & MPl. Hence, if we do not consider super-Planckian field ranges,
effective superradiance will always happen only in a narrow part of parameter space where various order-one factors
conspire to allow a slightly sub-Planckian field range to suffice for extracting most of the black hole’s energy.
III. LATTICE SIMULATION DETAILS
In our numerical lattice simulations, we use conformal time, τ , as the time variable and redefine field variables as
ϕ = aφ and A0 = aA0. Then, the evolution equations are rewritten as
ϕ′′ −∇2ϕ− a
′′
a
ϕ+ a3Vφ +
β
faa
(A′ −∇A0) · (∇×A) = 0, (S29)
A′′ −∇2A+ a2m2γ′A+ 2H∇A0 −
β
faa
[(ϕ′ −Hϕ)∇×A−∇ϕ× (A′ −∇A0)] = 0, (S30)
where a prime represents a derivative with respect to conformal time and H = a′/a. In addition, we use the Lorenz
gauge condition to evolve A0,
A′0 + 2HA0 −∇ ·A = 0. (S31)
We adopt the staggered leap-frog method to solve the system of equations above in a lattice space with step-size
∆τ . Each of the variables (ϕ,ϕ′,A,A′,A0) is assigned at each grid point (i, j, k). Provided those variables at τ , we
first advance A0, ϕ and A by a half step,
A0(τ + ∆τ/2) = A0(τ) + ∆τ
2
[−2H(τ)A0(τ) +∇ ·A(τ)] , (S32)
ϕ(τ + ∆τ/2) = ϕ(τ) +
∆τ
2
ϕ′(τ), A(τ + ∆τ/2) = A(τ) +
∆τ
2
A′(τ). (S33)
Next, we update ϕ′ and A′ by ϕ′′ and A′′ respectively using the values at τ + ∆τ/2 as follows,
ϕ′(τ + ∆τ) = ϕ′(τ) + ∆τ
[
∇2ϕ+ a
′′
a
ϕ− a3Vφ − β
faa
(A′ −∇A0) · (∇×A)
]
τ+∆τ/2
, (S34)
A′(τ+∆τ) = A′(τ)+∆τ
[
∇2A− a2m2γ′A− 2H∇A0 +
β
faa
(
(ϕ′ −Hϕ)∇×A−∇ϕ× (A′ −∇A0)
)]
τ+∆τ/2
, (S35)
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where the expression in square brackets is evaluated at τ+∆τ/2. To obtain the updated values, we replace ϕ′(τ+∆τ/2)
and A′(τ + ∆τ/2) in the right-hand-side with their averaged value,
ϕ(τ + ∆τ/2) =
ϕ′(τ + ∆τ) + ϕ′(τ)
2
, A′(τ + ∆τ/2) =
A′(τ + ∆τ) +A′(τ)
2
, (S36)
and then, we obtain the following linear algebraic equations, 1 X1 X2 X3−X1 1 −Y3 Y2−X2 Y3 1 −Y1
−X3 −Y2 Y1 1

ϕ
′(τ + ∆τ)
A′1(τ + ∆τ)
A′2(τ + ∆τ)
A′3(τ + ∆τ)
 =
Z0Z1Z2
Z3
 (S37)
where we have defined X = (X1, X2, X3), Y = (Y1, Y2, Y3) as follows,
X =
∆τ
2
β
faa(τ + ∆τ/2)
∇×A(τ + ∆τ/2), Y = ∆τ
2
β
faa(τ + ∆τ/2)
∇ϕ(τ + ∆τ/2) (S38)
and Z0 and Z = (Z1, Z2, Z3) are defined by
Z0 = ϕ
′(τ) + ∆τ
[
∇2ϕ+ a
′′
a
ϕ− a3Vφ
]
τ+∆τ/2
− [A′(τ)− 2∇A0(τ + ∆τ/2)] ·X, (S39)
Z = A′(τ) + ∆τ
[∇2A− a2m2γ′A− 2H∇A0]τ+∆τ/2
+ [ϕ′(τ)− 2H(τ + ∆τ/2)ϕ(τ + ∆τ/2)]X+ [A′(τ)− 2∇A0(τ + ∆τ)]×Y.
(S40)
One can obtain ϕ′(τ + ∆τ) and A′(τ + ∆τ) by solving analytically the above algebraic equations (S37). Finally, the
updated values of A0, ϕ and A can be obtained as follows,
ϕ(τ + ∆τ) = ϕ(τ + ∆τ/2) +
∆τ
2
ϕ′(τ + ∆τ), A(τ + ∆τ) = A(τ + ∆τ/2) +
∆τ
2
A′(τ + ∆τ) (S41)
and
A0(τ + ∆τ) = A0(τ + ∆τ/2) + ∆τ
2
[−2H(τ + ∆τ)A0(τ + ∆τ) +∇ ·A(τ + ∆τ)] , (S42)
which leads to
A0(τ + ∆τ) = A0(τ + ∆τ/2) + (∆τ/2)∇ ·A(τ + ∆τ)
1 + ∆τH(τ + ∆τ) . (S43)
One can obtain the field values at arbitrary time by repeating the above procedure. It should be noted that the
constraint equation given by the variation of the action with respect to A0 is automatically satisfied if it is initially
satisfied.
The exact updated values are given by f(τ + ∆τ)exact = exp(∆τ∂τ )f(τ) with f = (ϕ,ϕ
′,A,A′,A0) and the above
numerical formula coincides with the exact one up to O(∆τ2) terms, i.e. f(τ+∆τ)numerical = f(τ+∆τ)exact +O(∆τ3).
The spatial derivative is replaced by the spatial differences in the numerical calculus and to keep second order
accuracy, we adopt the mid-point formula, e.g. ∂xϕ(i, j, k) = (ϕ(i + 1, j, k) − ϕ(i − 1, j, k))/(2h) with h being the
grid interval. The stepsize is determined by the Nyquist frequency and the axion/dark photon masses to follow
the mode with the maximum wavenumber and the oscillation of the axion/dark photon, namely, ∆τ = 0.25 ×
min(h,min(m−1a ,m
−1
γ′ )/(a(τ)). In addition, the boxsize and the grid number of the lattice space are set to be Lbox =
(pi/4)m−1a and N
3
grid = 128
3 respectively, and then the grid interval is h = Lbox/Ngrid = (pi/512)m
−1
a .
IV. DARK PHOTON DM FROM AXION DECAYS
Here we briefly discuss another production mechanism of dark photon DM. The axion decays into a pair of dark
photons through (2), if ma > 2mγ′ . In order for thus produced dark photons to explain DM, their momentum must
be sufficiently red-shifted by the time of the matter-radiation equality. This requires relatively heavy axion and dark
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FIG. S1: Dark photons produced by the axion decays can account for DM in the white region, while the shaded regions are
excluded by various requirements. See the text for details. The black solid lines are contours of fa in the unit of GeV.
photon masses. In the following, we assume that both axion and dark photon are decoupled from the SM for simplicity
so that the axion decays into only dark photons. However, if the axion lifetime is shorter than ∼ 1sec., one could
couple the axion to the SM without changing the results significantly.
The decay rate of the axion into dark photons is
Γ(a→ γ′γ′) ' β
2
64pi
m3a
f2a
, (S44)
where we have approximated m′γ  ma. The dark photon abundance is given by
ργ′
s
' 2mγ′
ma
ρa
s
∣∣∣
3H=ma
, (S45)
or equivalently,
Ωγ′h
2 ' 0.05 θ2
( g∗
100
)− 14 ( mγ′
MeV
)( ma
10 MeV
)− 12 ( fa
1010 GeV
)2
, (S46)
where the axion is assumed to start to oscillate in the radiation dominant Universe. If we want the dark photon to
behave as cold dark matter, it must become non-relativistic by z ∼ 105. In other words,
Γ(a→ γ′γ′)
(
mγ′
ma/2
)2
> H|z=105 , (S47)
where the r.h.s. represents the Hubble parameter at z = 105. For the above mechanism to work, the Hubble parameter
during inflation must be higher than the axion mass, ma < HI . 1014 GeV.
In fig. S1 we show the viable parameter space in the plane of ma and mγ′ , where fa is chosen so that the dark photon
abundance matches with the observed DM abundance. We set β = 10−2 and θ = 1. In the viable parameter space
mγ′ ranges from keV to 10
7 GeV. For heavy mγ′ , the stability of dark photons is due to the absence of interactions
with any lighter particles. If we allow a small kinetic mixing between dark photon and hypercharge gauge boson, mγ′
cannot be heavier than twice the electron mass, mγ′ . 1 MeV. In this case, the viable region is limited to ma & 10 MeV
and fa ∼ 1010−15 GeV.
